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[1] Strong electron cyclotron harmonic (ECH) waves have been observed by Cassini
associated with local plasma injection regions in the Saturnian magnetosphere. Using
measured electron distributions from the Cassini plasma spectrometer, we calculated local
growth rates and path‐integrated wave gain of ECH waves inside an injection event
using the HOTRAY code. We showed that electrons with energy near a few eV have a
collision frequency comparable to their bounce frequency; thus, they cannot have an
empty loss cone. We then demonstrated that the growth of ECH waves inside the injection
event can be driven by electron phase space density gradients associated with the loss
cone distribution of injected electrons at energies between a few hundred eV and a few
keV. This conclusion is contrary to previous results that the source of free energy for
growth of ECH waves is provided by electrons near a few eV. Results in this work are
helpful for understanding the generation of ECH waves and their roles in electron
dynamics in the Saturnian magnetosphere.
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1. Introduction
[2] Electron cyclotron harmonic (ECH) waves are electro-
static emissions occurring at frequencies between harmonics of
the electron gyrofrequency and were previously called (n + 1/2)
fce waves [Horne et al., 2003]. ECH waves have been found
frequently in the magnetospheres of the Earth [Horne et al.,
2003; Meredith et al., 2000, 2009], Jupiter [Kurth et al.,
1980], and Saturn [Hospodarsky et al., 2008]. In the terres-
trial environment, ECH waves could play a potentially impor-
tant role in the scattering of plasma sheet electrons leading to
precipitation into the atmosphere and the excitation of diffuse
aurora emissions [Horne et al., 2003; Meredith et al., 2009].
It is possible that ECH waves might also affect electron
dynamics in the Saturnian magnetosphere.
[3] Saturn’s magnetosphere is different from the solar
wind driven terrestrial magnetosphere because it is rapidly
rotating and its convection is driven by the centrifugal force
[Hill et al., 1981]. The centrifugal interchange instability
reduces the total centrifugal potential energy of the magne-
tospheric plasma, forcing cold and dense plasma to move
radially outward and causing the inward injection of hot and
tenuous plasma [e.g., Hill, 1976; Hill et al., 2005]. Evidence
for such interchange motions has previously been identified
in the Jovian magnetosphere [Bolton et al., 1997; Thorne et al.,
1997] and by Cassini at Saturn [e.g., Hill et al., 2005; Burch
et al., 2005; Mauk et al., 2005]. ECH waves have been
observed both inside and outside injection regions, but with
different characteristics.Within injection regions, ECHwaves
have been shown to be unusually strong in multiple cyclotron
harmonic bands, while ECH waves observed outside injec-
tion events normally only have a strong first harmonic band
and much weaker higher bands [Hospodarsky et al., 2008;
Menietti et al., 2008a, 2008b]. In this paper we focus our
attention on the excitation of ECHwaves within local plasma
injection regions.
[4] It is generally acknowledged that the excitation of
ECH waves is caused by a loss cone instability [e.g., Ashour‐
Abdalla and Kennel, 1978;Horne et al., 2003].Menietti et al.
[2008b] previously used electron data measured by the
electron spectrometer sensor (ELS) of the Cassini plasma
spectrometer (CAPS) [Young et al., 2004] to calculate ECH
wave growth rates inside an injection event. They con-
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clude that a narrow loss cone distribution of electrons
with energy near a few eV could provide the phase space
density gradient to drive the instability of the Saturnian
ECH waves. However, as we show in section 3, electrons
below a few eV have a collision frequency comparable with
their bounce frequency and thus should have filled loss
cones, contrary to the empty loss cones assumed byMenietti
et al. [2008b]. Consequently such electrons near a few eV
cannot provide the source of free energy for the growth of
ECH waves.
[5] In this work, we revisit the injection event considered
by Menietti et al. [2008b]. We use the HOTRAY code
[Horne, 1989] and data from CAPS/ELS instrument to
calculate local ECH wave growth rates and path integrated
wave gain in section 3. First in section 3.1 we compare the
collision frequency and the bounce frequency of low energy
electrons near a few eV and demonstrate that these electrons
should not have an empty loss cone. A model of the electron
phase space density is presented in section 3.2 based on
Cassini observations. In section 3.3 we show that loss cones
of energetic electrons (few hundred eV to a few keV) pro-
vide a viable source to drive instability of ECH waves inside
the injection event. Finally, we summarize our results and
discuss future work in section 4.
2. Electron Distributions and ECH Waves
From Observation
[6] The local plasma injection event around 0737 UT on
day 303 of year 2005 has been studied by several authors
[Menietti et al., 2008b; Rymer et al., 2008]. In this work, we
use electron measurements from CAPS/ELS [Young et al.,
2004], which measures electrons in the energy range of
0.6 eV to 28 keV, with an instantaneous field of view of
5.2° × 160°. Figure 1 shows a depletion of cold electrons
and an enhancement of keV electrons observed by CAPS/
ELS when the spacecraft encounters the local plasma
injection event between about 0735 and 0740 UT at L = 7.
The phase space density of electrons during the injection
event at 0737 UT, shown in Figure 2, exhibits a pancake
distribution (peaked near 90° pitch angle) for energetic
electrons (E > a few keV). The phase space density of
lower energy electrons (E < 100 eV) is more field‐aligned
during the injection event at 0737 UT. These results are
consistent with those of Rymer et al. [2008].
Figure 1. Logarithm of electron differential energy flux (log10 DEF) plotted as a function of time and
energy around 0737 UT on day 303 of 2005.
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[7] During the local plasma injection event, strong ECH
waves with several harmonic bands are observed, as shown
in Figure 3. Figure 4 shows the electric field power spectral
density obtained from the medium frequency receiver (MFR)
of the Cassini radio and plasma wave science (RPWS)
instrument [Gurnett et al., 2004] as a function of fre-
quency at 0737 UT on day 303 of 2005. The electron
cyclotron frequency is determined using data provided by
Cassini magnetometer team (MAG) [Dougherty et al.,
2004]. Particularly notable is the intense power spectral
densities of the second to the fourth band ECH waves,
which are comparable to that of the first band.
3. ECH Wave Growth Inside the Local Plasma
Injection Event
3.1. Loss Cone Depth and Width
[8] The loss cone width and depth have been shown to be
crucial for the evaluation of ECH wave growth rates and
wave gain [Ashour‐Abdalla and Kennel, 1978; Horne et al.,
2003]. It is important to model the loss cone width and
depth as accurate as possible; however, these quantities
cannot be obtained from available data. The loss cone is less
than ∼3° as determined by Menietti et al. [2008b], thus it is
too narrow to be observed by CAPS/ELS. The method
adopted in this study to determine whether a loss cone
feature should be present is to compare the electron’s col-
lision frequency nc with its bounce frequency nB. Electrons
with nc ≥ nB should have filled loss cones due to collisional
scattering, while electrons with nc  nB should exhibit an
atmosphere loss cone distribution.
Figure 2. Phase space densities of electrons from CAPS/ELSmeasurements at selected energies (different
colors) at 0737 UT inside the injection event. Crosses represent actual data points.
Figure 3. Adapted from Figure 5 of Hospodarsky et al.
[2008] showing time‐frequency spectrograms of ECH
emissions during the injection event around 0737 UT on
day 303 of 2005. White lines indicate the electron gyro-
frequency fce and 1/2fce, as labeled.
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[9] The electron collision frequency due to small angle
collisions is (in Gaussian units)
c  8neq
4
e lnL
m2ev
3
e
; ð1Þ
where ve is electron’s velocity, ne is the number density, and
the electron plasma parameter L is the number of electrons
in a Debye cube [Nicholson, 1992, equation (1.49)].
Numerically, L is related to the electron temperature Te and
number density ne by L = 4 × 10
8 Te
3/2 (eV)/ne
1/2 (cm−3).
Because ln L is a slowly varying function of L, we use ln
L ≈ 19 for Te = 1 eV and ne = 4 cm−3. From equation (1),
we can approximate the electron collision frequency as a
function of ne and kinetic energy E as nc ≈ 4.8 × 10−4 ne
(cm−3)E−3/2 (eV). Assuming a dipole field, the bounce
frequency of an electron is a slowly varying function of
its equatorial pitch angle, and may be approximated by
nB ≈
ffiffiffiffiffiffiffiffiffiffiffi
2meE
p
/(4meaL), where a is the Saturn radius and L is
the Roederer L [Schulz and Lanzerotti, 1974]. Numerically,
nB ≈ 2.3 × 10−3
ffiffiffiffiffiffiffiffiffiffiffiffi
E eVð Þp /L. Using ne = 4.96 cm3 as deter-
mined from the upper hybrid resonance line from wave
observation [Hospodarsky et al., 2008] and setting nc = nB,
we obtain a critical energy E*, below which collisions
dominate; E* ≈ 3 eV at L = 7. Consequently, electrons of a
few eV energy should have filled loss cones due to collisions.
Another factor we considered is that the pitch angle
distributions of cold electrons (E < 100 eV) tend to be
field‐aligned and have a peak at 0° and 180° [Rymer et al.,
2008]. These electrons (E < 100 eV) probably originate
from the atmosphere and would be expected to have
essentially filled loss cones. Based on the above reasoning,
we only assign loss cone distributions to electrons with
E > 100 eV in the following calculation.
[10] We note that our loss cone features are different from
that of Menietti et al. [2008b], where all electron popula-
tions have been given an empty loss cone. As shown below,
this difference in the electron distribution below 100 eV
gives us a fundamentally different conclusion from that of
Menietti et al. [2008b] on which electron population drives
ECH wave growth inside the injection event.
3.2. Modeling Observed Electron Distribution Inside
the Injection Event
[11] The HOTRAY code [Horne, 1989] is used to
calculate wave growth rates and path integrated wave gain.
The HOTRAY code requires electron distributions to be
modeled by a summation of subtracted bi‐Maxwellians
[Ashour‐Abdalla and Kennel, 1978] of the form
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HereDi specifies the depth of the loss cone (Di = 0 means an
empty loss cone), bi is the width of the loss cone, a?i and aki
are the thermal velocity perpendicular and parallel to the local
magnetic field, respectively, vdi is the drift velocity along the
magnetic field line, and ni is the number density.
[12] We fit data observed by CAPS/ELS at 0737 UT on
day 303, 2005 using a nonlinear least squares fitting with
IDL routine MPFIT [Markwardt, 2009] using eight com-
ponents, and plot the resulting fitting function together with
data in Figure 5. The total electron density from CAPS/ELS
measurement is smaller than that from the number density
determined from the upper hybrid resonance line by about a
factor of two, probably because of a negative spacecraft
potential and a limited energy range of CAPS/ELS. Con-
Figure 4. Electric field power spectral density (solid lines) plotted as a function of frequency inside the
injection event at 0737 UT on day 303 of 2005. Stars indicate actual data points, and the vertical dotted
lines represent harmonics of electron gyrofrequency.
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sequently, we modify the number density of the coldest
component so that the total number density is equal to that
from plasma wave measurements (ntot ≈ 4.96 cm−3) [Gurnett
et al., 2005; Persoon et al., 2005]. The resulting fitting
parameters are shown in Table 1.
3.3. Wave Growth Rates and Path Integrated Wave
Gain
[13] The wave growth rates of the first seven cyclotron
harmonic bands are calculated using the dispersion solver of
HOTRAY. The calculations are performed at L = 7.8, where
the magnetic field given by our dipole field model is equal
to the magnetic field from MAG measurement, to allow
accurate calculation of the electron resonant energies. The
results, shown in Figure 6, indicate that ECH waves in all
seven harmonic bands can be excited. We note that for the
first band, there are two peaks in growth rates at 1.36 Wce
and 1.79 Wce. The peak at 1.79 Wce has a wave vector
k = 0.02 m−1. From these parameters, we calculate the
lowest parallel resonant energy to be about 10 keV using the
resonant condition w − kknk = nWce, where w is the angular
wave frequency,Wce is the electron angular gyrofrequency, kk
is the wave vector component that is parallel to the ambient
magnetic field, and nk is the parallel electron velocity. The
second peak at 1.36 Wce has a k = 0.05 m
−1, which corre-
sponds to the lowest parallel resonant energy of about 300 eV.
Thus, both electrons near a few hundred eV and a few keV
contribute to growth of ECHwaves inside the injection event.
[14] During propagation, the wave normal angle and the
ambient magnetic field changes, which results in changes of
resonant energies. We consequently use HOTRAY to cal-
culate the path integrated wave gain to take into account the
propagation effects. The path‐integrated wave growth rate in
HOTRAY is calculated as G ≈ Ski·DR, where DR is the
distance along the raypath and ki is the spatial growth rate,
i.e., the imaginary part of wave vector k ≡ kr + iki as
determined from the dispersion relation. The net wave gain
is then given by G = 20 log10 (e
G) ≈ 8.69 G dB.
[15] ECH rays from each of the seven bands with maxi-
mum wave gain at the given frequency and wave normal
angle are shown in Figure 7 as a function of group time,
calculated using HOTRAY assuming the electron distribu-
tions to be constant as shown in Table 1. The group time is
the independent variable used in the HOTRAY code
[Horne, 1989], referring to the time for energy propagation,
and it is appropriate for comparison with observation
[Horne et al., 2003]. Note that we limit the longitudinal
width of the propagation path to be less than 2.8 degrees,
which is the longitudinal width of the injection event esti-
mated by WsDt, following Hill et al. [2005]. Here Ws ≈ 2p/
10.8 h is the angular rotation frequency of Saturn, and Dt ≈
5 min is the duration of the local injection event observed by
Cassini as shown in Figure 1. From Figure 7, we see that
ECH waves can obtain substantial wave gain (∼60–80 dB)
before they reach the boundary of the injection region. This
demonstrates that injected hot electrons with energy larger
than a few hundred eV can drive the excitation of ECH
waves inside this injection event. The raypath plot indicates
that ECH waves are strongly confined to the equatorial
region and that they reflect about the equatorial plane similar
to ECH waves at Earth [Horne et al., 2003]. These rays can
also move radially inward, consequently the wave frequency
becomes closer to harmonics of the local electron cyclotron
frequency. For example, the ray with w/Wce (L = 7.8) = 1.5
moves inward by as far as 0.8 Rs, thus its frequency nor-
malized to local Wce at L = 7 becomes w/Wce (L = 7) ≈ 1.08.
Table 1. Fitting Parameters of Measured Electron Distribution
Inside an Injection Event at 0737 UT Using Eight Subtracted
Bi‐Maxwellian Functions
Component D T? (keV) Tk (keV) b n (m
−3)
1 1 2.70 × 10−4 3.42 × 10−4 0 4.56 × 106
2 1 1.04 × 10−3 1.13 × 10−3 0 1.18 × 105
3 1 3.28 × 10−3 3.40 × 10−3 0 1.39 × 105
4 1 1.38 × 10−2 2.23 × 10−2 0 4.36 × 104
5 1 5.78 × 10−2 8.04 × 10−2 0 3.35 × 104
6 0 3.00 × 10−1 3.52 × 10−1 0.0005 2.96 × 104
7 0 2.40 2.18 0.001 7.48 × 104
8 0 9.80 5.32 0.001 3.03 × 104
Figure 5. Contours of the logarithm of electron phase space
densities (log10 f ) inside the injection event at 0737 UT as a
function of perpendicular energy (E?) and parallel energy
(Ek) from CAPS/ELS data (dotted lines) and our mod-
eled distribution (solid lines): (top) higher energy elec-
trons and (bottom) lower energy electrons.
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Figure 6. Imaginary part (g) and real part (w) wave frequency, normalized by electron gyrofrequency
(Wce), as a function of wave vector k for seven band ECH waves with different wave normal angles ’
(indicated by different colors) inside the injection event at time 0737 UT.
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This feature of ECH rays might be responsible for the
observation that some ECH waves have frequencies very
close to harmonics of the local electron cyclotron frequency
(e.g., see Figures 3 and 4).
4. Summary
[16] In this work, electron distributions measured by
CAPS/ELS on Cassini have been used to calculate wave
growth rates and path‐integrated wave gain of ECH waves
inside an injection event around 0737 UT on day 303 of
2005. Using the HOTRAY code, wave growth rates and path
integrated wave gain were calculated and it was demonstrated
that ECHwaves from all seven bands could obtain substantial
wave gain (∼60–80 dB) inside the injection region. Electrons
with energy near a few hundred eV and few keV contribute to
ECH wave growth inside the injection event. This result is
consistent with simultaneous observation of strong ECH
emissions and a pronounced enhancement of hot electron
fluxes during inward moving plasma injection events. Thus,
for ECH waves inside injection events, free energy for wave
growth comes from energetic electrons with energy larger
than a few hundred eV, instead of cold electrons with a few
eV energy, as earlier suggested byMenietti et al. [2008a] and
Menietti et al. [2008b]. The precise ECHwave gain, however,
is very sensitive to the electron distribution, such as the
temperature of the coldest component [Horne et al., 1981]
and loss cone depth and width [Horne et al., 2003]. We note
that the use of a simple empty loss cone model might not be
realistic and there are also some uncertainties in modeling
cold electron components in our current analysis. We leave
determination of ECH wave gain using better loss cone
information and cold electron distributions to future work.
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